Abstract-Traditional cooperative communications consider dedicated-relays, while often such relays may not be available. In this paper, we consider wireless transceivers that relay signals in addition to their own primary communication mission. We consider a best-effort delivery policy, where a node is not obligated to devote energy to cooperatively relay signals, nor does it provide a guarantee of signal quality on retransmissions. Instead the relay sacrifices energy at its own discretion, with priority given to the primary communication mission. We consider one besteffort delivery problem: a system that transmits an additional relay signal within its original transmission energy budget while inducing minimal degradation to the primary-user's signal. To maintain this constraint, we consider the feasibility of reallocating energy from pilot signals used for channel estimation toward the relaying service, when channel conditions are stationary. We demonstrate that transmitter energy may be dynamically allocated between a relay component and a pilot component of the transmission using best-effort delivery. This power allocation is critical to system performance, since both the primary-user and the secondary-user may require pilot energy to correctly decode transmitted signals. Sub-optimal power allocation rules with respect to primary-user channel estimate mean-square error and pairwise error probability are derived.
I. INTRODUCTION

C
OOPERATIVE communication through the judicious use of relay-nodes has proven extremely advantageous in decreasing outage probabilities, [1] , [2] and frame error rates [3] when the channel between the source and destination is of poor quality. Traditional relay schemes typically consider only nodes dedicated to relaying signals [4] . However, when a dedicated-relay is not available, nodes with their own communication mission must assist in relaying signals. We consider a relaying system where nodes provide relay services to a secondary-user in addition to their own primary communications, and the relay service is provided on a besteffort basis. Under the proposed scheme, a node with its own communication mission may also offer relay services while maintaining its original energy constraint. We extend the traditional three node relay problem considered in [4] to include the secondary-user node, and focus on the power allocation problem presented to the relay in this scenario. The best-effort relay system and the relationship between the secondary-user, or relay-user, and primary-user channels is depicted in Fig. 1 , where the three node system of [4] is augmented to include the secondary-user. The terms primary-user and secondary-user have been used numerous times in the literature to describe precedence roles in cognitive radio and cooperative communications [5] . When a constrained resource is shared by a number of users, it is the primary-users that typically have first-right-of-access to the shared resource, and are given higher priority than the secondary-users. Our use of the terms in this work is similar.
As a motivating example for adaptive best-effort relaying we consider the scenario of stationary channel conditions for the primary-user channel, when less energy is required for channel estimation purposes. A number of studies have attempted to characterize the correlation of time-varying channel estimates, including the works of [6] and [7] . These studies have shown that in fixed and low-mobility scenarios consecutive channel estimates in multipath scenarios are highly correlated. Under these conditions the relay may choose to devote more power toward relaying services and less power toward pilot signals for the primary-user channel, according to the quality of service (QoS) requirements of the primary-user.
When channel conditions require additional channel estimation energy, as is the case when the primary-user channel is undergoing change, the relay may choose to allocate more power toward the pilot component of the transmission for channel estimation purposes and less power for relay transmissions. The proposed best-effort delivery method introduces a unique power allocation problem in which the relay must select optimal power settings for the pilot and relayed signals. Power allocation for the relayed transmission is not guaranteed, and is rationed to aid the secondary-user only at the discretion of the primary-user. Thus, energy for the purpose of cooperative diversity through the relaying of signals is scavenged, when feasible, and the relayed transmissions are delivered on a besteffort basis.
Traditional pilot-aided channel estimation techniques, such as pilot symbol assisted modulation (PSAM), are discussed in [8] . Channel estimation schemes like PSAM create a composite signal consisting of two components: pilot signals used for channel estimation, and the user's data signal. To implement the relay service we instead consider a composite space-time code (STC) composed three components: the primary-user data signal, the pilot signal, and the relayed signal destined for the secondary-user. The density of the pilot signals and bandwidth resources for each component are assumed to be preallocated and constant, as we focus solely on the power allocation subproblem in this work. Also, we consider the case where the transmission power used for the primary-user data signal will remain constant in the composite signal; however the power devoted to the pilot signal component and the secondary-user component will be dynamically allocated.
While many pilot-embedding techniques have been proposed before, we formulate our best-effort delivery channel using the pilot-embedding framework proposed in [9] , which generalizes how pilot signals may be embedded into data signals using a STC approach. With this embedding method, mutually orthogonal pilot and data signals are combined as a composite STC block before transmission. The STC approach is used as a general method for generating a sequence of symbols with periodically occurring pilot signals comprising a single block code, and allows for maximum flexibility in the design of pilot-aided transmissions for systems with one or more transmit antenna. The method easily extends to broadband signals such as OFDM, through the Space Time Frequency (STF) block code model [10] . Here, we investigate best-effort cooperative relaying using generic pilot embedding when the data-component of a data-bearing pilot block is reserved for relay transmissions.
Cooperative and Cognitive Radio (CR) systems can be complex systems faced with a number of resource allocation problems. Nodes that choose to cooperate must constantly ration resources such as transmission energy and bandwidth when these resources are limited [11] , [12] , [13] . While the rationing of bandwidth, for example, is an important resource allocation problem, in this paper we focus solely on the four node power allocation subproblem suggested by Fig. 1 and leave the extension of this subproblem to multi-node systems where bandwidth may also be rationed, as future work. The important cooperative system reciprocity issues of altruism and avariciousness are also not considered here; therefore, the motivations of the relay for aiding the secondary user, while interesting, are not applicable as this work focuses on cooperation once the decision to cooperate has been made.
In this paper, we discuss a number of optimization problems that arise when considering the best-effort delivery of signals, and derive sub-optimal power allocation policies with respect to the upper-bound mean squared error (MSE) of the channel estimate, and the pairwise error probability (PEP) of the primary-user. The power allocation problem and general feasibility of best-effort delivery are considered using these two QoS criterion. We extend our work in [14] to consider the MSE-based power allocation rule and the total bit error rate (BER) of the system, comparing the performance of both allocation rules in greater detail. Additionally, sub-optimal power allocation considering the aggregate capacity of both the primary and secondary users is discussed. This paper is structured as follows: Section II generalizes data-bearing pilot frameworks (DBPF) and briefly introduces previous power-allocation work with secondary-channels. In Section III the best-effort relay problem is discussed, and a model for analytic system design is presented. Sub-optimal power allocation policies, with respect to the primary-user, are derived taking the upper-bound channel estimate MSE and PEP into consideration. In Section IV simulation results are presented, and in Section V we give some concluding remarks.
II. SYSTEM MODEL AND PROBLEM FORMULATION
We briefly describe the channel model used in our besteffort delivery scheme. We assume all nodes are MIMO systems with transmit antenna(s) and receive antenna(s) and use a Space Time (ST) block scheme, where the block transmitted at time index is described by matrix U( ) of size × . The ST block U( ) is a composite signal composed three components: the primary-user data signal, the pilot signal, and the relayed signal destined for the secondaryuser. The composite signal is transmitted across all transmit antennas in time slots, and is broadcast to both the primary and secondary users. The received block Y( ) expressed in matrix form is
with the channel coefficient matrix H( ) of size × describing the channel conditions experienced by the block at time . The channel noise N( ) is modeled as complex white Gaussian noise with zero mean and variance ( 2 /2)I ( × ) . We assume Rayleigh block fading for the elements of H( ), where the entries of H( ) are independent zero mean complex Gaussian random variables that remain constant over each symbol block. The channel estimation problem is to estimate H( ) and recover the original ST block U( ), where the channel estimate is computed from the pilot / training signals. The pilot or training signal is embedded in the original transmission U( ), using a generalized embedding scheme to be described as follows.
We now briefly describe the pilot-embedding framework presented in [9] , which provides the edifice for the design of U( ). The ST block to be transmitted is given as
where P ∈ ℛ × is the pilot matrix, ST block databearer matrix D( ) ∈ × , and data-projection matrix A ∈ ℛ × . Here, is the number of time slots reserved for data transmission, while time slots − , < are reserved for the embedded pilot signals and the relayed signal for the secondary-user. The pilot-embedding structures discussed in [9] have a bandwidth efficiency which is proportional to ( − )/ for the case = + . The ST channel matrix is assumed to follow the constraint [||H( )||] 2 = , or constant energy under the Frobenius norm. The salient point of the data-bearing framework is that pilot-embedding schemes may be generalized through the superposition of the databearing structure D( )A and the pilot matrix P( ). The dataprojection and pilot matrix satisfy the following properties:
where is the real-valued power of the relayed signal, and is a real-valued power coefficient of the pilot portion of the signal. The coefficient will become an important parameter in the analysis to come, as it represents the fraction of divertable power that is retained for pilot signals. Since the power allocated to the relay and pilot signals is allocated dynamically, it is assumed that both the primary and secondary user receivers employ either independent gain control for each signal, or convey the value of used for each block to the receivers using a control channel signal that is not considered here.
We assume that the number of time slots in the ST transmission U( ) remains constant, and the number of time slots used for data transmission also remains constant. Using this criteria the number of time slots available for besteffort transmissions also remains constant.
The properties (3) of the data-projection matrix A and P essentially allow A to project the data component D( ) onto the orthogonal subspace of the pilot matrix P, allowing for signal demodulation by means of a Maximum Likelihood (ML) receiver. These properties imply that (A) = , (P) = , and the number of time slots required of the ST symbol U( ) is = (A) + (P). The pilot structures of (3) operate under a power constraint
with being the original normalized block transmission power of the node. According to (4) the power allocated to the composite signal consisting of the pilot plus secondaryuser data signal is equal to the power of the original node transmission. To understand the behavior of the power allocation term in terms of secondary-user performance, we first note that the normalized block power may be expressed as
The signal at the receiver becomes
Three basic structures are discussed in [9] for the design of A and P, including the Time-Multiplexed (TM) structure which generalizes the previous PSAM pilot embedding techniques. The TM structure, which will be used later in simulation, is given as
Since the relay node must make the primary communication mission top priority, we adopt a conservative policy for prioritizing transmissions. Therefore, upper-bounds are used to ensure that the primary-user QoS constraint is met even in worst-cast channel conditions. The Chernoff upperbound pairwise error probability (PEP) with respect to an independent Rayleigh distributed channel is expressed by [9] 
the pairwise difference between the code and the erroneously detected code. In (8), 2 = 1+( 2 / ) represents the variance of an element in the estimated channel coefficient matrixĤ( ), and Δ is the rank of the ST code with maximum achievable rank . This PEP expression will be used in the next sections to analyze performance of the primary-user signal and the secondary-user signal, when adapting to different channel conditions. Another important result is the pair-wise error probability for the maximum-likelihood receiver, where the channel state information H( ) is known exactly. We refer the reader to [15] for this result, and the derivation of channel estimate MSE. Relay-aided cooperative communication is achieved when a signal transmitted by a source node is received by one or more intermediate relay-nodes, who in turn retransmit the source's signal to the destination. Such systems offer performance advantages in terms of spatial diversity and power gain [1] . In the relaying scheme known as Decode-and-Forward (DF), a relay first receives and then decodes the signal from the source node before retransmitting the signal to the destination. It may be shown that the tight upper-bound PEP for the DF dedicatedrelay scheme in sufficiently high SNR can be expressed as
where 2 0 is the receiver noise power, are the instantaneous channel gains between the source and destination, the source and relay, and the relay to destination respectively, and , , and are modulation specific constants defined in [16] . For example, if QPSK is employed , , and take on particular values, and if 16QAM is employed , , and take on another set of values. The real-valued terms 1 and 2 represent the optimal power allocations used for transmission by the source and the dedicated DF relay, and are given respectively as
We will compare the fixed power allocations for the dedicatedrelay DF scheme, (9) and (10), to the dynamic QoS-based allocation rules presented in Section III. The power optimization problem can be formulated as finding the minimum pilot power factor that maintains a QoS level with respect to the primary-user, denoted , according to some QoS rule ( , ). That is minimizing subject to
where the coefficient represents the influence of previous primary-channel state information when equalizing the current primary-user block, and will be defined in Section III. One may also interpret as the confidence of previous channel state information in modeling current channel state. If channel conditions have deviated from the previous channel estimate and there is less confidence in previous channel state information, the receiver will update its channel estimate using the pilot signals embedded in the transmission. The estimation of channel variances and may be performed by the receiver and communicated to the transmitter through a side control channel; however the discussion of this control channel is outside the scope of this work.
III. ANALYSIS
In the following subsections we present the pairwise error probability, MSE for the channel estimate, and power allocations for the best-effort relaying system. Since the power allocations presented are derived with respect to upper-bound system pairwise error probability and MSE, to ensure that these QoS criterion are unconditionally maintained for system users, the following allocations are sub-optimal.
A. PEP and MSE for the Best-Effort Delivery Policy
In this section we consider the PEP and channel estimate MSE experienced by the primary and secondary users using the system model presented in Section II. Let us consider the case where channel between the relay and the primary-user, depicted as the bold/solid line in Fig. 1 , is stationary over at least two consecutive blocks, and the primary-user is able to detect this event. Such conditions may occur between fixed or immutable nodes, and in this motivating example we assume that transmission of additional pilot signal energy will not dramatically alter or improve the receiver's channel estimate. When the primary-user channel estimateĤ ( ) has perfectly estimated the channel H ( ), that iŝ
the Chernoff upper-bound PEP for the primary-user becomes
where Δ is the rank of the primary-user's channel H ( ), are the eigenvalues of the primary-channel, are the number of receive antennas used by the primary-user, and is the normalized power used by the primary/relay-node for transmission. The Chernoff upper-bound PEP for the secondary-user can be expressed as
where Δ is the rank of the the channel estimateĤ ( ) between the the relay and the secondary-user, are the eigenvalues of the secondary-channel, and are the number of receive antennas used by the secondary-user. We note that in this situation the node is fullfilling primary mission obligations while concurrently acting as a relay for the secondary-user. Thus the channel H is analogous to , and its MIMO representation H , , referring to the dedicated-relay notation used in Section II.
Under the proposed best-effort delivery policy, power for channel estimation purposes is diverted by the primary-user toward relay transmissions for the secondary-user. It should be noted that the secondary-user also requires energy for proper channel estimation, thus there exists a performance tradeoff for the secondary-user as power to the pilot signals is decreased. A plot of the PEP upper-bound for the secondary-user vs SNR, with respect to the PEP of the primary-user, for various values of pilot power allocations is depicted in Fig. 2 for the conditions = = 2 with = 2 time slots and = 2, for unit gain channels Δ = Δ = 1 and = = 1. In this figure, SNR is defined as = / 2 , as suggested by (25) and (28). From this figure we note that as the value of decreases the PEP for the secondary-user increases; however the secondary-user is always at a disadvantage with respect to the primary-user, when both users experience identical channel conditions.
We now look at the power allocation problem between the pilot-part and relay-part of the proposed scheme, and how this criteria may change with respect to the needs of the primaryuser. This model will be used in the coming subsections to derive sub-optimal power allocation rules. By substituting the power constraint (5) into the PEP mismatch equation given in [9] , the power optimization problem with respect to the secondary-user becomes
Since the primary-user may use its prior channel estimate when current channel conditions do not warrant re-estimation of the channel, the MSE for the primary-user does not depend directly on because pilot signals are ignored in this case. However, for each block transmission there is a chance that channel conditions will significantly change, requiring the primary-user to update its channel estimate using the pilot signal embedded in the transmission. We model this scenario in simple probabilistic terms as a two-state model, with channel state given as
We define the model parameter such that
thus is the probability that the previous channel state information is sufficient for equalizing the current block, and 1 − is the probability that the primary-user must update its channel estimate based on the pilot signals present. In reality the estimatesĤ ( − 1) andĤ ( ) will never perfectly match current channel conditions H ( ); therefore, in practice the assertion of estimates being a 'perfect match' can be described in terms of being within some extremely small threshold of error from H ( ), and that this error is negligible.
In state = 0, the primary-channel is considered stationary. Thus the channel estimate for the current code remains unchanged from the previous channel estimate, and we assume that the previous channel estimate has converged to match the current channel state. The channel estimate MSE for perfectly estimated channel conditions is given as
whereh ( ) is the vectorization ofĤ ( ) discussed in [9] . The primary-user PEP is given as
When the channel state is = 1, channel conditions for the primary-user have changed substantially, requiring the receiver to update its channel estimateĤ ( ). In this state the receiver will experience an MSE and PEP from (14) expressed as
where parameters Δ , , , and 2 for the primary-user in state = 1 are defined similarly to those of the secondaryuser in (14) and are independent from those of the secondaryuser except for the common factors , , and . We notice that while energy allocated to the data part of the primaryuser's signal remains constant in the best-effort scheme, the PEP expression for a primary-user using pilot signals to reestimate channel conditions is dependent on since both the primary and secondary-users must use the energy in these signals for channel estimation when = 1. The expected MSE for the primary-user defined by the two-state model becomes
The 
B. Sub-optimal Power Allocation with Respect to Channel Estimate MSE
We now consider the power optimization problem with respect to a QoS rule limiting the MSE of the primary-user channel estimate. Since channel estimation performance for the primary-user (22) depends on pilot signal energy, proper selection of to maintain a minimum QoS for the primaryuser is critical. For comparison, we first consider the suboptimal power allocation considering only the relay signal to the secondary-user, i.e. when the primary-user is omitted from Fig. 1 . The sub-optimal power allocation considering only the relay transmission, * , can be found by taking the derivative of (15) and setting to zero, i.
where * is the sub-optimal power allocation considering only the secondary-user, is the power allocated to pilot plus relay transmissions, is the number of transmit antenna which is the same for all transmissions, and 2 is the channel variance experienced by the pilot signal. Thus, the sub-optimal power allocation rule considering only the secondary-user is simply * = * . We now derive the sub-optimal power allocation rule considering a minimum level of QoS for the primary-user only, denoted * . The primary-user maximum MSE threshold condition, derived according to the two-state model, is given as
where is the maximum channel estimation error allowed for the primary-user. It is worth noting that for the case ∕ = , the sub-optimum solution for the pilot-power allocation factor * in (23) exists if and only if ≥ ( − ), where = / 2 . In Section IV we consider the case where = = 2, thus for the sake of exposition we will consider the case of = in our analysis here. We substitute the sub-optimal power allocation = 
where 0 ≤ ≤ 1, and is the signal to noise ratio of the primary user as a function of the MSE threshold, , and the noise variance of the primary-user's channel, 2 . Using (24) and (25) and solving for , the sub-optimal allocation for the primary-user according to the maximum channel estimate MSE threshold rule, * , considering the constraint and ( (
We observe from (26), that the power allocation rule * is valid only when is positive. For the sake of exposition, we will only consider the case when > 0 here, and will assume that will take on the values of either zero or one otherwise. Also, since must be positive and in the range 0 ≤ ≤ 1, only the positive values of (26) will be considered as valid allocations. While the best-effort policy relay-node will optimize its parameters with respect to its own transmissions before secondary-user requirements are considered, for comparison the optimum pilot-power allocation considering only the secondary-user under the same maximum channel estimate MSE threshold criterion for the case = is simply
with QoS threshold , secondary-user signal to noise ratio , and sub-optimum value of satisfying (28) under the maximum MSE rule,
We note that the MSE experienced by the secondary-user is a function of but not , and is expressed as
To demonstrate behavior of the best-effort power allocation policy, in Fig. 3 results demonstrate sub-optimal pilot-power allocations for the primary and secondary users under various primary-channel stability scenarios, . For comparison, in Fig. 3 we plot the power settings 1 and 2 using the dedicated-relay-node criteria (10) discussed in Section II. These are plotted in Fig. 3 against the suboptimal MSE QoS rules (26) and (29), using 2 , = .001 and 2 , = .001. For a typical dedicated decode-and-forward relaying scheme, the relay would allocate 1 = .408 and 2 = .372. From Fig. 3 we note that the sub-optimal power allocation using the MSE rule tends toward the dedicatedrelay power allocation, 2 , as → 0. Additionally, we observe that as the channel becomes more stationary, i.e. as → 1, less pilot power is required to maintain a fixed channel estimate MSE for the primary-user, and decreases under (26) accordingly.
Heuristically, we expect that frequent channel re-estimation will be required when the primary-channel is undergoing change, thus in this scenario the relay-node will be less inclined to sacrifice power for relay transmissions, and will increase accordingly. Conversely, we expect that when channel conditions require less frequent channel estimation, the relay will behave altruistically and sacrifice energy for relay transmissions. Thus, in a typical power allocation policy will be a monotonically decreasing function of . This behavior is demonstrated in the MSE-based power allocation rule depicted in Fig. 3 .
Next, we observe the general behavior of the channel estimate MSE for both the primary and secondary users as the pilot-power allocation varies. In Fig. 4 a plot of the channel estimate MSE for the primary-user, , and the secondary-user, , is presented for the range 0 ≤ ≤ 1, for fixed values of . We expect that as increases, the energy devoted to pilot signals used for channel estimation will also increase, and the MSE of the channel estimate for the secondary-user will decrease. In general, channel estimate MSE for both users will be a decreasing function of , which is demonstrated in Fig. 4 . Also, when is exactly 1 the channel estimator is a perfect representation of the channel with probability 1, and the error of the channel estimate remains constant and invariant of the choice of . We note that as → 1 the channel becomes increasingly stationary, and the PEP for the primary-user decreases accordingly under the fixed MSE rule. Conversely, as it is assumed that the secondary-user is unconditionally required to preform channel estimation based on the pilot energy present, the PEP response for the secondary-user under the fixed MSE rules remains constant and independent of , when is fixed.
We now observe the behavior of a relay-node operating under the dynamic MSE-based power allocation rule (27). Fig. 6 demonstrates the PEP results of (13) and (14) using = * , with respect to , for various values of . For comparison, PEP results for both users are also shown for the fixed power allocation policy = 0.5. The best-effort behavior this system is readily discernible, as the primaryuser enjoys a general PEP advantage over the secondary-user. As the relay-node sacrifices energy for pilot signals used for channel estimation purposes, that is as → 1 in response to increasingly stationary channel conditions, the PEP of the primary-user improves as the PEP of the secondary-user degrades, for the values = 3 and = 5. This trend is demonstrated by the PEP offset between the primary and secondary-user PEP curves for = 3 and = 5. The behavior of the system when = 7 will be discussed shortly. From Fig. 6 we note that as channel conditions become more deterministic, i.e. → 1, the PEP for the secondaryuser degrades, a curious result indeed. This phenomena may be explained by the increasingly worsened channel estimate a secondary-user would obtain as energy devoted to pilot signals is drastically decreased, since both the primary and secondary users use the same pilot signals for channel estimation. We observe that the PEP curve for the secondary-user is highly determined by the value chosen for . As less model estimate MSE is permitted in the primary-user's channel estimate, i.e. as value of the threshold is decreased, the primary-user becomes increasingly more conservative with the amount of energy it diverts from channel estimation devices resulting in a decreased PEP for the primary-user. Since the secondary-user is required to unconditionally use pilot energy for channel estimation independently of , it will benefit from additional pilot energy when preforming channel estimation; however the signal strength of its data signal will suffer as the relay diverts less energy toward the relay services, and thus, PEP of the secondary-user degrades.
We observe that for larger values of , as is the case = 7, increased model error severely degrades the general performance of both receivers resulting in detrimental effects for both users. In particular, we observe that as → 1 the PEP actually increases for both users when larger values of are used. We conclude that the value for must be carefully chosen with respect to the SNR experienced by both users under the MSE-based QoS rule (27), to ensure that sufficient pilot energy is retained. The main drawback of the MSEbased QoS rule is that the secondary-user cannot benefit from additional relay assistance when the primary communication mission becomes less difficult, i.e. as → 1, since the PEP for the primary-user decreases while the PEP for the secondaryuser dramatically increases, in this scenario.
In this motivating example we use identical channel SNRs for the primary and secondary users, that is 2 = 2 , and we have shown that an overall benefit to a secondary-user is obtainable in the form of useful relay bandwidth, without significant degradation of service to the primary-user. Thus, we have demonstrated that relay-diversity is achievable when a node with primary transmission responsibilities also employs cooperative relaying techniques, under the channel estimate MSE QoS rule.
C. Sub-optimal Power Allocation With Respect to PEP constraint
In the previous subsection, the sub-optimal power allocations for the best-effort relaying problem were presented for a power allocation policy that optimizes with respect to channel estimate MSE. We now consider the power allocation problem for relays that instead optimize with respect to a rule limiting the PEP experienced by the primary-user. From (19) and (21) the Chernoff upper-bound PEP expression under the two-state model can be expressed as
where
The previous simplifications allow us to observe the behavior of sub-optimal power allocations with respect to the terms , , and when manipulating and . For a fixed channel and antenna arrangement , , , and 2 , we note that , , and become constants with respect to a fixed . For a fixed , we observe that the only term dependent on is , and all other aspects of the result are fixed for a power constraint . We evaluate this system under the constraint that the relaynode must maintain a minimum QoS with respect to the PEP of its primary transmissions. The QoS constraint (11) for the primary-user minimizing with respect to the PEP of (31) is simply
Similarly, the constraint for the secondary-user from (14) has a QoS threshold determined by maximum allowable PEP. This constraint is a function of the relay's choice of , or exactly
The sub-optimal power allocation for the best-effort relay with respect to a maximum allowable PEP for the primary-user is found by solving (35) for , i.e., *
where The PEP behavior using the PEP-based sub-optimal power application rule (37) with respect to is shown in Fig. 7 for the threshold value = 1.4 −5 . We have now proposed two QoS criteria for allocating power under the best-effort relay model, given as * and * derived in (27) and (37), respectively. If we compare the PEP behavior demonstrated in Fig. 7 with the MSE-based power allocation rule depicted in Fig. 3 , we see that for (27) the acceptable power allocation range 0 ≤ ≤ 1 is valid over a much wider range of for the MSE-based rule, when compared to the PEP-based rule (37), for the value of selected.
The PEP behavior of a relay-node operating under the power constraint (37) is shown in Fig. 8 according to (35) and (36), with respect to the channel estimate confidence coefficient , for various values of . As was demonstrated with the MSE-based power allocation rule, cooperative diversity gains are also obtainable using the PEP rule, as the relay diverts energy to secondary-user transmissions. The same phenomena of increased secondary-user PEP under high channel stationary ( → 1) is apparent for the same reasons mentioned in Section III-B. As the relay diverts too much energy away from pilot signals, the PEP for the secondary-user suffers since the performance of this receiver requires sufficient pilot energy for channel estimation. Conversely, the primary-user enjoys an increasingly stationary channel with a high probability while its PEP remains the same. The salient difference between the MSE-based and PEP-based power allocation rules is demonstrated in their PEP behaviors: We expect that a power allocation rule optimizing with respect to specific maximum primary-user PEP threshold will exhibit a constant PEP response over all channel stationary states. This behavior is clearly discernible from Fig. 8 , as PEP for the primary-user is constant-valued for the entire range 0 ≤ ≤ 1.
The best-effort behavior of the system under this rule is also apparent, as the primary-user consistently enjoys an PEP advantage over the secondary-user. The behavior of the PEP threshold is shown in Fig. 8 and may be compared to that of the MSE-based rule in Fig. 6 . As increases, the relay will too readily divert energy from pilot signals and the PEP of the primary and secondary-users suffer accordingly. In general, decreasing has the effect of improving PEP for both the primary and secondary-users, at the cost of decreasing useful capacity for the best-effort channel when channel stability confidence is reduced (i.e. the PEP curve for the secondaryuser is shifted to the right). We conclude that the threshold , like , must also be carefully chosen with respect to the SNR experienced by the primary-user under the PEP-based QoS rule (37). In this example identical channel SNRs were used for both channels, demonstrating an overall benefit for the secondary-user using best-effort cooperative relaying.
IV. SIMULATION RESULTS
In this section we present simulation results for the proposed system for various values of , using the minimum meansquared channel estimator MMSE [17] and 2x2 Alamouti ST codes with = 3 and = = 2. A block-stationary channel model was used with QPSK constellations and an ML symbol decoder. In Fig. 9 , we plot the BER experienced by the primary and secondary-users obtained through Monte Carlo MATLAB simulations using values of equal to 0.5, 0.6, 0.75, and 0.9. In The BER in Fig. 9 is plotted vs. SNR, where SNR in this figure is defined the same as in Fig. 2 . We observe that as power is retained for pilot signals the BER for the primary-user improves; however this improvement is achieved at the expense of decreased SNR for the secondary-user's data signal. We also observe that the BER for the secondary-user when = 0.6 is better than the BER experienced at = 0.5 and = 0.75, suggesting that secondary-user BER is a convex function of with a BER maximum somewhere between these two values. This behavior is due to the trade-off between data signal energy and pilot signal energy afforded to the secondary-user. A plot of the channel estimate MSE for both users is given in Fig. 10 vs. SNR, where SNR in this figure is defined the same as in Fig. 2 . We observe that as the value of increases more energy is allocated for channel estimation, thus the MSE of the receiver decreases accordingly.
We would like to note that the previous sections presented the behavior of the primary and secondary-nodes as a function of operating with a best-effort policy using two different power allocation rules. While these results are sub-optimal with respect to the primary-user, they fail to achieve optimal allocation with respect to the cooperative system. We now compare the results of the best-effort policy with a power allocation policy that attempts to maximize overall system capacity. The maximum-capacity QoS rule is defined by a policy that allocates power with respect to the primary and relay transmissions in a way that minimizes the sum of the BERs for both links.
The overall system BER is
where and are the bits/code/Hz for the primary and secondary transmissions respectively, and (d → e), (d → e) are the PEP expressions for the primary and secondary-users respectively. A plot of the PEP for the overall system for various values of is given for the case = = .5 in Fig.  11 . The results shown are for channel estimate confidence coefficients = .25, = .5, = .75, and = .95, with = = = 2, with primary signal to noise ratio = 13 dB, the left hand side of (25), and secondary signal to noise ratio = 20 dB, the left hand side of (28). We note that Fig. 11 clearly demonstrates that an optimal value for exists that minimizes the total BER for the cooperative system, and this value changes with respect to the channel stability . Unfortunately, an analytical solution for this value is difficult to derive due to the large number of variables in (39). We note, however, that tractable analytical solutions for exist for specific antenna configurations , and, and fixed channel conditions , , Δ , and Δ , and the exploration of solutions to (39) under various scenarios remains future work.
V. CONCLUSION
We have demonstrated that cooperative diversity can be achieved through a best-effort delivery policy. In one example best-effort relaying scenario, energy scavenged from pilot signals was re-purposed for relay transmissions when channel conditions accommodate. It was demonstrated that in certain circumstances a node may sacrifice resources for relaying signals while maintaining a level of QoS for the primary-user, allowing the node to cooperate at its own discretion. Allowing nodes with primary communication missions to cooperate on a best-effort basis may lead to increased performance in cooperative communication systems, when compared to systems in which only dedicated-relays are allowed.
In deriving a sub-optimal power allocation policy, the MSE and PEP QoS rules were considered. It was demonstrated that the MSE QoS rule may yield lower PEP for the primary-user than the PEP-based QoS rule, for certain ranges of , and that the MSE QoS rule yields acceptable relay service over a larger range of channel stationary conditions, when compared to the PEP-based rule. The drawback of the MSE-based QoS rule is that the secondary-user does not receive extra assistance from the relay when the primary communication mission becomes less difficult, i.e. as channel conditions become more stationary for the primary-user, since the PEP for the primaryuser increases and the PEP for the secondary-user decreases using this rule. Conversely, the PEP-based QoS rule provides a constant PEP for the primary-user over all values of while providing extra assistance to the secondary-user via decreased PEP; however it yields acceptable relay performance over a small range of only. (M'06) 
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